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Abstract

The Catalyst HD (C‐RAD Positioning AB, Uppsala, Sweden) optical surface imaging

(OSI) system is able to manage interfractional patient positioning, intrafractional

motion monitoring, and non‐contact respiratory gating without x‐ray exposure for

radiation therapy. In recent years, a novel high‐precision surface registration algo-

rithm for stereotactic radiosurgery (SRS algorithm) has been released. This study

aimed to evaluate the technical performance of the OSI system using rigid phan-

toms, by comparing the conventional and SRS algorithms. To determine the system’s

technical performance, isocenter displacements were calculated by surface image

registration via the OSI system using head, thorax, and pelvis rigid phantoms. The

reproducibility of positioning was evaluated by the mean value calculated by repeat-

ing the registration 10 times, without moving each phantom. The accuracy of posi-

tioning was evaluated by the mean value of the residual error, where the 10 offset

values given to each phantom were subtracted from the isocenter displacement val-

ues. The stability of motion monitoring was evaluated by measuring isocenter drift

during 20 min and averaging it over 10 measurements. For the head phantom, all

tests were compared with the mask types and algorithms. As a result, for all sites

and both algorithms, the reproducibility, accuracy, and stability for translation and

rotation were <0.1 mm and <0.1°, <1.0 mm and <1.0°, and <0.1 mm and <0.1°,

respectively. In particular, the SRS algorithm had a small absolute error and standard

deviation of calculated isocenter displacement, and a significantly higher repro-

ducibility and accuracy than the conventional algorithm (P < 0.01). There was no dif-

ference in the stability between the algorithms (P = 0.0280). The SRS algorithm was

found to be suitable for the treatment of rigid body sites with less deformation and

small area, such as the head and face.
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1 | INTRODUCTION

In recent years, several optical surface imaging (OSI) systems have

been commercialized. Surface‐guided radiation therapy1 is a tech-

nique which uses an OSI system to verify interfractional patient

positioning, monitor intrafractional motion, and perform non‐contact
respiratory gating without x‐ray exposure. The Catalyst HD (C‐RAD
Positioning AB, Uppsala, Sweden) OSI system uses the optical reflec-

tance of a projected pattern to generate a three‐dimensional surface.

Through registration with the reference surface, the OSI system esti-

mates the isocenter displacement during positioning and motion

monitoring.

A novel registration algorithm of the OSI system for stereotactic

radiosurgery (SRS) and stereotactic radiotherapy (SRT) of the head

using an open‐type mask has been developed. The SRS algorithm

uses semi‐non‐rigid registration, which is optimized to manage small

surface deformations such as eye movements. Furthermore, the res-

olution of a surface image used for the SRS algorithm is approxi-

mately four times higher than that of a surface image used for the

conventional algorithm. Therefore, the SRS algorithm can yield high‐
precision registration and may detect slight isocenter displacements.

Several studies have investigated Sentinel system2 (C‐RAD Position-

ing AB, Uppsala, Sweden), which is based on surface scanning with

line laser light using a single scanner unit, Catalyst system3,4 (C‐RAD
Positioning AB, Uppsala, Sweden) based on surface scanning with

projected light using a single scanner unit, and the conventional

algorithm of the Catalyst HD system5 on its applicability for clinical

use and technical performance. However, data on the technical per-

formance of the SRS algorithm of the Catalyst HD system have not

been published. Therefore, the SRS algorithm of Catalyst HD system

should be verified by analyzing its technical performance with

respect to positioning and monitoring for clinical use.

This study aims to evaluate the reproducibility and accuracy of

interfractional patient positioning and the stability of intrafractional

motion monitoring of the OSI system by comparing the conventional

algorithm with the SRS algorithm.

2 | MATERIALS AND METHODS

2.A | OSI system

Catalyst HD was used as the OSI system in this study. The OSI sys-

tem consists of three scanner units arranged at angles of approxi-

mately 120° to each other, to enable continuous surface detection

of a patient, even if the gantry hides the patient from one of the

three scanners. Each scanner unit emits visible blue light with a

wavelength of 405 nm to the patient, and the projected light illumi-

nates the patient. The reflected light is captured by the charge‐cou-
pled device cameras. The frame rate of surface capture is 200

frames per second, and the maximal scan volume has a width, length,

and height of 800, 1300, and 700 mm, respectively. The scan vol-

ume is manually adjustable through a software interface. When the

scan volume is changed, the reference surface can be cropped to a

smaller volume than the scan volume. In the conventional algorithm,

the captured surface is registered with the cropped reference sur-

face by using a non‐rigid iterative closest point (ICP) algorithm.6,7

The registration identifies position errors between the captured sur-

face and the reference surface in six degrees of freedom (DOF):

three representing translations and three representing rotations.

The SRS algorithm for head SRS and SRT calculates isocenter

displacements through semi‐non‐rigid ICP registration. In addition,

the SRS algorithm captures a scanned image of 640 × 480 pixels

from one camera unit of the OSI system as the full field of view,

whereas the conventional algorithm captures an image with a resolu-

tion of 320 × 240 pixels. The surface image of the SRS algorithm

consists of up to 921 600 points and that of the conventional algo-

rithm consists of up to 230 400 points. Therefore, the spatial resolu-

tion of the SRS algorithm is approximately four times higher than

that of the conventional algorithm.

2.B | Technical performance tests of OSI system

As shown in Fig. 1, the following anthropomorphic rigid phantoms

were used to test the reproducibility, accuracy, and stability of the

OSI system in the technical performance tests: an ET Verification

Head Phantom (The Phantom Laboratory, Salem, NY, USA) for the

head; RS‐1500 (Radiology Support Devices, Inc., Long Beach, CA,

USA) for the thorax; and an ET Verification Phantom (The Phantom

Laboratory, Salem, NY, USA) for the pelvis. The surfaces of the

phantoms were covered with opaque tape in color (RGB:187, 155,

136), which visually resembled human skin tone. For the head phan-

tom, open‐type white and black masks (Engineering System Co.,

Matsumoto, Nagano, Japan) were prepared.

All the technical performance tests were performed using Elekta

Infinity (Elekta AB, Stockholm, Sweden), equipped with a six DOF

HexaPOD system and an XVI system for cone‐beam computed

tomography (CBCT). The gantry angle of the Linac was 0°, and the

collimators were completely closed. The ambient room lighting con-

ditions matched typical treatment conditions, although no effect on

system accuracy is expected. The orientation was set according to

the Elekta Synergy coordinate system and the arrows indicate the

positive directions of the coordinate system for translations and

rotations (Fig. 2). The phantoms were scanned using a CT system,

Aquilion LB (Canon Medical Systems Co., Otawara, Tochigi, Japan),

and the CT images of the phantoms were transferred to a treatment

planning system, Monaco (Elekta AB, Stockholm, Sweden). A plan

was built for each phantom on the Monaco system, and the plan

isocenter was located at the center of each phantom. Both the plan

and CT images were transferred to the XVI system to rectify the ini-

tial position of each phantom.

To determine the reproducibility and accuracy of positioning and

stability of motion monitoring of the OSI system, the isocenter dis-

placement was measured. The isocenter displacement was a result

of the registration between the reference surface and live surface of

the phantoms. The reproducibility, accuracy, and stability values

were compared with the phantom types. In addition, they were
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compared with the algorithms and the mask types, including no mask

for the head phantom.

2.B.1 | Reproducibility of positioning

Reproducibility tests were performed in the positioning mode (cPosi-

tion application) of the Catalyst HD system. Each of the head, tho-

rax, and pelvis phantoms were positioned at the isocenter by using

CBCT and HexaPOD. Then, each phantom was scanned with the

three cameras of Catalyst HD system. The initially scanned surface

image was used as a reference surface for reproducibility, and

sequentially scanned surface images were registered with the refer-

ence image as live images. The scan volume for the live image cov-

ered the volume of the entire phantom, and all surface data of the

reference surface were also for registration (Fig. 3). The phantoms

were not moved during the test, and they were scanned 10 times.

The isocenter displacement was calculated immediately after each

scan. The means and standard deviations (SDs) of the displacement

in six DOFs were calculated. These values were evaluated to deter-

mine the reproducibility of the OSI system for interfractional posi-

tioning.

The head phantom was immobilized with each of the two masks,

and the effect of the masks on the SRS algorithm was compared

with that on the conventional algorithm. The settings of the OSI sys-

tem for the tests are shown in Table 1. The gain and integration

time (IT) were set at 300% and 4000 µs for the conventional algo-

rithm and 100% and 18000 µs for the SRS algorithm, respectively.

2.B.2 | Accuracy of positioning

Accuracy tests were performed in the positioning mode (cPosition

application) of the Catalyst HD system. Each of the head, thorax,

and pelvis phantoms were positioned at the isocenter, and the posi-

tion was rectified using CBCT and HexaPOD. Position correction

was continued until the residual errors of translation and rotation

were close to 0.0 mm and 0.0°, respectively.8,9 As in the previous

test, each phantom was scanned using the three cameras of the Cat-

alyst HD system and used as a reference surface for the accuracy

test. The setup of the scan volume and reference surface data were

similar to that used in the reproducibility test (Fig. 3). An offset of

15.0 mm or less for translation and 2.0° or less for rotation were

applied to the phantom position by using CBCT and HexaPOD

(Table 2). The phantoms were scanned, and the captured phantom

surface was registered using the reference surface to calculate the

isocenter displacement. These procedures were repeated 10 times,

while applying the defined offset to the phantoms for each test. The

F I G . 1 . The phantoms and masks for the technical performance test.
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offset was applied to the head phantom inside the masks. The resid-

ual error of correction by Catalyst HD system was calculated by sub-

tracting the offset value from the isocenter displacement (Fig. 4).

The means and SDs of the residual error were evaluated to deter-

mine the accuracy of the OSI system for interfractional positioning.

The effect of the masks and the difference in accuracy between

the two algorithms were investigated for the head phantom. The

settings of the OSI system used in this test are shown in Table 1.

The gain and IT were identical to those in the reproducibility test.

2.B.3 | Stability of motion monitoring

Stability tests were performed in the monitoring mode (cMotion

application) of the Catalyst HD system. Each phantom was posi-

tioned in the same way as in the reproducibility test. Then, the appli-

cation of the Catalyst HD system was switched from the positioning

to the monitoring mode. The phantoms were re‐scanned using Cata-

lyst HD system and used as a reference surface for stability. The

setups of the scan volume and reference surface data were also

identical to those in the other tests (Fig. 3). Each phantom was con-

tinuously monitored for 20 min to determine the deviation of

isocenter displacement. The monitoring was repeated 10 times, and

the means and SDs of the deviation of isocenter displacement in the

six DOFs were calculated. These values, which represent the drift of

the isocenter location, were evaluated to determine the stability of

the OSI system for intrafractional motion monitoring. The head

phantom, masks, and settings, including gain and IT, were the same

as those in the other tests.

2.C | Statistical analysis

Multivariate analysis of variance was used for the statistical analysis.

The objective variable was the absolute value of isocenter displace-

ment or residual error and the independent variables were the types

of the phantoms, algorithms, and mask types, including no mask. The

causal relationship between these variable was tested using Wilks’

lambda test with JMP version 13.2.0 (SAS Institute Inc., Cary, NC,

USA). The P < 0.01 was considered to be statistically significant.

F I G . 2 . The geometry and coordinate system for the technical performance test. The coordinate system for the technical performance tests
was the same as the Elekta Synergy coordinate system: the arrows indicate the positive directions for translation and rotation.
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3 | RESULTS

3.A | Reproducibility of positioning

The results of the reproducibility test for interfractional positioning

are shown in Table 3. All the mean values for translation were

<0.1 mm, and those for rotation were <0.1°. There was no signifi-

cant difference in the reproducibility between the phantom types for

the conventional algorithm (P = 0.2845). However, the reproducibil-

ity of the head phantom for the SRS algorithm was significantly

higher than that of the other phantoms for the conventional algo-

rithm (P < 0.01).

Regarding the head phantom, the results of reproducibility

showed no significant difference among the tests with no mask,

F I G . 3 . Scan volume and reference surface data for the technical performance test. The yellow boxes depict the scan volume and the
reference surfaces are represented in pink.

TAB L E 1 The OSI system settings for the technical performance
test.

Phantom type HEAD THORAX PELVIS HEAD (SRS)

Integration time (µs) 4000 4000 4000 18 000

Gain (%) 300 300 300 100

Averaging time (s) 3 4 4 2

Registration HD [high

resolution mode]

On Off Off On

Registration algorithm Conventional (non‐rigid) SRS (semi‐
non‐rigid)

TAB L E 2 The offset values for translation and rotation for the
accuracy test.

Offset value

Translations [mm] Rotations [°]

Lat. Long. Vert. Rot. Roll Pitch

Test 1 7.0 7.0 7.0 0.0 0.0 0.0

Test 2 15.0 15.0 15.0 1.0 1.0 1.0

Test 3 −7.0 −7.0 −7.0 0.0 0.0 0.0

Test 4 −15.0 −15.0 −15.0 −1.0 −1.0 −1.0

Test 5 3.0 3.0 3.0 2.0 0.0 0.0

Test 6 −3.0 −3.0 −3.0 −2.0 0.0 0.0

Test 7 3.0 3.0 3.0 0.0 2.0 0.0

Test 8 −3.0 −3.0 −3.0 0.0 −2.0 0.0

Test 9 3.0 3.0 3.0 0.0 0.0 2.0

Test 10 −3.0 −3.0 −3.0 0.0 0.0 −2.0

Lat.: lateral, Long.: longitudinal, Vert.: vertical, Rot.: rotation.
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those with white masks, and those with black masks for the conven-

tional algorithm (P = 0.5689) and the SRS algorithm (P = 0.9758). A

significant difference was observed between the two algorithms

(P < 0.01). The maximum SDs for translation and rotation for the

conventional algorithm were 0.08 mm and 0.07°, respectively, while

those for the SRS algorithm were 0.04 mm and 0.04°, respectively.

The mean absolute error of reproducibility for the conventional and

SRS algorithms is shown in Fig. 5(a). The SRS algorithm had a small

SD and mean absolute error. Thus, the SRS algorithm has a higher

reproducibility than the conventional algorithm.

F I G . 4 . An example of determining the accuracy of positioning. The rotational directions for the Rot. and Pitch of the CBCT and HexaPOD
are opposite to those of the Catalyst HD coordinate system.

TAB L E 3 Results of the reproducibility test for interfractional positioning.

Phantom Mask

Translations: mean (SD) [mm] Rotations: mean (SD) [°]

Lat. Long. Vert. Rot. Roll Pitch

Head No 0.01 (0.06) 0.04 (0.05) −0.09 (0.03) −0.01 (0.03) 0.03 (0.05) 0.01 (0.03)

White 0.04 (0.05) −0.02 (0.04) −0.07 (0.07) −0.01 (0.03) −0.02 (0.04) 0.01 (0.03)

Black 0.07 (0.08) −0.08 (0.08) 0.04 (0.05) 0.01 (0.03) −0.05 (0.05) −0.05 (0.07)

Thorax 0.06 (0.07) −0.04 (0.05) −0.07 (0.05) 0.01 (0.03) −0.02 (0.04) 0.01 (0.03)

Pelvis 0.09 (0.05) −0.09 (0.07) −0.08 (0.09) 0.02 (0.04) −0.05 (0.05) −0.02 (0.04)

Head (SRS) No 0.01 (0.03) −0.02 (0.04) 0.02 (0.04) −0.01 (0.03) 0.01 (0.03) 0.01 (0.03)

White −0.02 (0.04) −0.02 (0.04) 0.01 (0.03) −0.01 (0.03) 0.02 (0.04) −0.01 (0.03)

Black 0.02 (0.04) −0.01 (0.03) −0.01 (0.03) 0.01 (0.03) 0.01 (0.03) −0.01 (0.03)

SD: standard deviation, Lat.: lateral, Long.: longitudinal, Vert.: vertical, Rot.: rotation.
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3.B | Accuracy of positioning

The results of the accuracy test for interfractional positioning are

shown in Table 4. All the mean values for translation were <1.0 mm,

and those for rotation were <1.0°. For the conventional algorithm,

the accuracy of the pelvis phantom was significantly lower than that

of the other phantom types (P < 0.01), and the mean value for the

translation of the pelvis in the longitudinal direction was

0.90 ± 0.80 mm. The accuracy of the head phantom for the SRS

algorithm was significantly higher than that of the other phantoms

for the conventional algorithm (P < 0.01).

The results for the head phantom showed no significant differ-

ence for tests conducted with no mask, the white mask, and the

black mask for the conventional algorithm (P = 0.0381); however, a

significant difference was observed for the SRS algorithm (P < 0.01).

In particular, for the SRS algorithm, the variation in the isocenter dis-

placement for the white mask was greater than those for without a

mask and the black mask for all values of translation and rotation.

There was also a significant difference between the two algorithms

(P < 0.01). The mean absolute error of accuracy for the conventional

and SRS algorithms is shown in Fig. 5(b). The SRS algorithm had a

small mean absolute error. Thus the SRS algorithm had a higher

accuracy than the conventional algorithm.

3.C | Stability of motion monitoring

The results of the stability of intrafractional monitoring are shown in

Table 5. All the mean values for translation were <0.1 mm, and

those for rotation were <0.1°. There was a significant difference in

the stability between the phantom types (P < 0.01).

The stability for the head phantom showed no significant dif-

ference among the tests conducted with no mask, the white mask, and

the black mask for the conventional (P = 0.6940) and SRS (P = 0.1639)

algorithms. The mean absolute error of stability for the conventional

and SRS algorithms is shown in Fig. 5(c). The stability was found not to

be significantly affected by the algorithms (P = 0.0280).

F I G . 5 . The results of reproducibility, accuracy, and stability for the head phantom using the conventional and SRS algorithms. These results
show the mean absolute error of isocenter displacement or residual error.
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4 | DISCUSSION

The reproducibility, accuracy, and stability of the Catalyst HD system

were investigated using rigid phantoms. The reproducibility for trans-

lation was <0.1 mm and that for rotation was <0.1°, for all sites and

both algorithms. A similar study, using the Sentinel system,2 reported

that the reproducibility for translation was <0.5 mm and that for the

rotation was <0.1°. The Sentinel system acquires surface images by

using multiple line scans with a laser, while the Catalyst HD system

has three scanner units and acquires surface images with a wide

coverage by using one entire projection with a light emitting diode.

In this study, the differences in surface scanning methods and sur-

face image coverage led to higher reproducibility for the Catalyst

HD system than for the Sentinel system. In addition, the nominal

reproducibility of Catalyst HD system, which C‐RAD published on

the company website, was 0.2 mm,10 which is comparable to our

results.

The accuracy for translation was <1.0 mm and that for rotation

was <1.0°, for all sites and both algorithms. Several previous studies

using phantoms2,3,11 reported that the accuracy was <1.0 mm and

the nominal accuracy of Catalyst HD system, which C‐RAD pub-

lished on the company website, was ≤0.5 mm for a rigid body,10

which is comparable to our results. The accuracy for the pelvis

phantom was significantly worse in the longitudinal direction. A pre-

vious clinical study5 reported that the accuracy for the pelvis was

0.1, 1.8, and 1.4 mm in the lateral, longitudinal, and vertical direc-

tions, respectively, which is comparable to our results.

We believe that the additional inaccuracy along the longitudinal

direction was primarily because the surface of the pelvis phantom

was more cylindrically symmetric than that of the other phantoms.

In other words, the isometry of the edges of the source surface

images in the non‐rigid ICP registration was not maintained correctly

along the longitudinal direction.7 Therefore, the penalties of registra-

tion calculation owing to the translations along the longitudinal axis

were not as accurate as those along the other axes. As an alternative

approach, we believe that the size of the surface area perpendicular

to the longitudinal axis may affect the accuracy of registration calcu-

lation. Therefore, three‐dimensional points, comprising the reference

surface for accuracy, were plotted on a two‐dimensional coronal,

axial, and sagittal plane, perpendicular to the axis of the vertical, lon-

gitudinal, and lateral direction, respectively. A boundary around the

points was computed. The area inside the boundary of each plane

was calculated for the head, thorax, and pelvis phantoms (Fig. 6).

The pelvis phantom had a smaller area value on the axial plane than

the other phantoms. The absolute area value on the axial plane was

14.1 and 32.5 cm2 for the head and thorax phantoms, respectively,

TAB L E 4 Results of the accuracy test for interfractional positioning.

Phantom Mask

Translations: mean (SD) [mm] Rotations: mean (SD) [°]

Lat. Long. Vert. Rot. Roll Pitch

Head No 0.06 (0.10) 0.36 (0.27) −0.27 (0.17) −0.02 (0.39) −0.29 (0.24) 0.17 (0.24)

White −0.42 (0.28) 0.48 (0.30) 0.39 (0.25) 0.34 (0.33) −0.02 (0.31) −0.17 (0.33)

Black 0.04 (0.17) 0.02 (0.49) −0.21 (0.16) 0.00 (0.50) −0.09 (0.23) 0.08 (0.31)

Thorax 0.00 (0.27) 0.25 (0.18) −0.09 (0.37) 0.00 (0.16) −0.03 (0.31) 0.04 (0.27)

Pelvis −0.19 (0.14) 0.90 (0.80) −0.24 (0.32) 0.02 (0.19) −0.14 (0.34) −0.11 (0.17)

Head (SRS) No −0.13 (0.07) 0.38 (0.18) 0.00 (0.07) 0.00 (0.11) −0.15 (0.14) 0.08 (0.08)

White −0.08 (0.18) 0.24 (0.30) 0.51 (0.38) 0.00 (0.25) −0.16 (0.14) 0.14 (0.23)

Black −0.31 (0.11) 0.20 (0.27) 0.23 (0.13) 0.13 (0.08) −0.12 (0.10) 0.08 (0.06)

SD: standard deviation, Lat.: lateral, Long.: longitudinal, Vert.: vertical, Rot.: rotation.

TAB L E 5 Results of the stability test for intrafractional motion monitoring.

Phantom Mask

Translations: mean (SD) [mm] Rotations: mean (SD) [°]

Lat. Long. Vert. Rot. Roll Pitch

Head No −0.04 (0.02) 0.01 (0.02) −0.01 (0.02) 0.01 (0.01) 0.01 (0.01) −0.01 (0.01)

White 0.02 (0.03) −0.01 (0.01) 0.00 (0.02) 0.01 (0.01) −0.01 (0.01) 0.01 (0.02)

Black 0.03 (0.03) −0.00 (0.02) 0.02 (0.02) −0.01 (0.01) −0.01 (0.02) 0.02 (0.01)

Thorax −0.01 (0.01) 0.03 (0.01) −0.03 (0.02) 0.00 (0.01) 0.01 (0.01) 0.02 (0.01)

Pelvis 0.00 (0.02) 0.05 (0.02) −0.02 (0.01) −0.01 (0.01) 0.00 (0.01) 0.02 (0.01)

Head (SRS) No −0.04 (0.01) 0.00 (0.01) −0.03 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)

White 0.05 (0.01) −0.00 (0.01) −0.03 (0.01) −0.01 (0.01) 0.01 (0.01) 0.01 (0.03)

Black −0.04 (0.01) −0.01 (0.01) −0.02 (0.01) 0.01 (0.01) 0.01 (0.01) −0.01 (0.01)

SD: standard deviation, Lat.: lateral, Long.: longitudinal, Vert.: vertical, Rot.: rotation.
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while it was only 13.1 cm2 for the pelvis phantom. Owing to the

very small surface area, the warping of the source surface to the tar-

get surface during the registration process could have been inaccu-

rate, and a penalty for the calculation of the non‐rigid ICP

registration could have been incorrectly assigned.7 Based on the

above discussion, the low positioning accuracy for the pelvis phan-

tom in the longitudinal direction could be attributed to the shape

and size of the reference surface image. The relationship between

the positioning accuracy and the shape and size of the reference

surface requires further investigation.

The stability for translation was <0.1 mm and that for rotation

was <0.1° for all sites and both algorithms. The nominal stability of

Catalyst HD system, which C‐RAD published on the company web-

site, was ≤0.5 mm10; this is comparable to our results. Although the

Catalyst HD system may have sufficient stability to detect patient

motions in high‐precision radiation therapy, such as intensity modu-

lated radiation therapy and SRS, its stability may deteriorate when a

gantry and an imaging device obstruct its scanner unit and when a

Linac couch rotates.12 Further, the ability to detect the isocenter

displacement in motion monitoring (i.e., the accuracy of motion mon-

itoring) was inferred to be comparable to the positioning accuracy

results obtained under the same settings for the Catalyst HD system.

With respect to the monitoring mode, this was because the surface

scanned by Catalyst HD system was always used as the reference

surface for the registration.

The SRS algorithm demonstrated better reproducibility and accu-

racy than the conventional algorithm for the head phantom. This

was because the reconstructed surface image obtained using the

SRS algorithm had a higher image resolution. Moreover, the uncer-

tainty of the registration calculation was reduced because of an

increase in the number of corresponding point pairs between the live

surface and the reference surface. In contrast, the increase in the

number of their points for the registration may take longer

computation time. Therefore, it is better for the SRS algorithm to

choose less deformable and smaller areas of anatomical sites for reg-

istration.

Another aspect is that the white mask might be recognized as a

part of the head, which may lead to errors in calculating the

F I G . 6 . Projected reference surface of the phantoms onto coronal, axial, and sagittal planes. S denotes the area value of the projected
phantom in each plane image.
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isocenter displacement, owing to the misalignment between the

mask itself and the inside of the mask. In particular, the SRS algo-

rithm using semi‐non‐rigid registration, which is not good for dealing

with deformation, may result in larger errors than the conventional

algorithm using non‐rigid registration. Therefore, for treatment to

the head and face using the SRS algorithm, the black mask that is

undetectable by Catalyst HD system may be more suitable than the

white mask. In addition, a previous study13 reported that the differ-

ence in the positioning accuracy between the SRS with an open‐
type mask using another OSI system, and the SRS with a closed‐
type mask using the infrared tracking system was ≤1.0 mm for

translation and ≤1.0° for rotation. The accuracy of this study is

comparable to, or better than, that of the previous clinical study13

for SRS with an open‐type white mask using another hardware

(AlignRT system). We suggest that an open‐type black mask should

be worn when using the SRS algorithm for the head and face during

clinical use.

A limitation of this study is that the results presented in this

paper were obtained using rigid body phantoms. The results may not

fully reflect the technical performance of this system in a clinical sit-

uation. Several uncertainties, including patient’s body shape changes,

respiratory movement, and the reference surface size (scan volume)

and type (external contour of a treatment plan or scan by the OSI

system) will probably affect the technical performance of the system

in clinical use. In particular, some uncertainties related to the con-

touring process (e.g., differences in size of voxel size, number of con-

tour composition points, and operators) may further affect the

technical performance when using the external contour of the treat-

ment plan as a reference surface. The sensitivity and technical per-

formance tests in this study were performed using the Catalyst HD

system only. OSI systems released from other companies may not

achieve the same results.

5 | CONCLUSION

In this study, we evaluated the reproducibility and accuracy of inter-

fractional patient positioning and the stability of intrafractional

motion monitoring. The reproducibility for translation and rotation

was <0.1 mm and <0.1°, respectively; the accuracy was <1.0 mm

and <1.0°, respectively; and the stability was <0.1 mm and <0.1°,

respectively. In particular, the SRS algorithm had a significantly

higher reproducibility and accuracy than the conventional algorithm

(P < 0.01), and a small absolute error and SD of calculated isocenter

displacement. There was no difference in the stability between the

algorithms (P = 0.0280). The SRS algorithm was found to be suitable

for the treatment of rigid body sites with less deformation and small

area, such as the head and face.

ACKNOWLEDGMENTS

We thank radiation therapists: Naoki Isomura, Shinsuke Hanaoka,

Saori Watanabe, Hayato Adachi, and Hiroshi Ueta (Kanazawa

University Hospital, Kanazawa, Japan) for their technological support.

We also thank Rintarou Kanbe (Elekta K.K., Tokyo, Japan) and Naoki

Kinoshita (Radiological Center, University of Fukui Hospital, Japan)

for their assistance. We would also like to thank Editage (https://

www.editage.jp/) for English language editing.

AUTHORS CONTRIBUTIONS

Hironori Kojima: Conceptualization, Formal analysis, Investigation,

Software, Writing – original draft (lead), and Writing – review and

editing. Akihiro Takemura: Methodology, Project administration, Vali-

dation, Writing – original draft (support), and Writing – review and

editing. Shogo Kurokawa: Data curation, Formal analysis, Investiga-

tion, Visualization, and Writing – review and editing. Shinichi Ueda:

Data curation, Investigation, Project administration, Visualization, and

Writing – review and editing. Kimiya Noto: Data curation, Validation,

Writing – review and editing. Haruna Yokoyama: Data curation,

Investigation, Visualization, and Writing – review and editing. Shi-

geyuki Takamatsu: Methodology, Project administration, Supervision,

and Writing – review and editing.

CONFLICT OF INTEREST

No conflict of interest.

REFERENCES

1. Hoisak JDP, Pawlicki T. The role of optical surface imaging systems

in radiation therapy. Semin Radiat Oncol. 2018;28:185–193.
2. Pallotta S, Marrazzo L, Ceroti M, Silli P, Bucciolini M. A phantom

evaluation of SentinelTM, a commercial laser/camera surface imaging

system for patient setup verification in radiotherapy. Med Phys.

2012;39:706–712.
3. Stieler F, Wenz F, Shi M, Lohr F. A novel surface imaging system for

patient positioning and surveillance during radiotherapy. Strahlenther

Onkol. 2013;189:938–944.
4. Walter F, Freislederer P, Belka C, Heinz C, Söhn M, Roeder F. Evalu-

ation of daily patient positioning for radiotherapy with a commercial

3D surface‐imaging system (Catalyst™). Radiat Oncol. 2016;11:154.

5. Carl G, Reitz D, Schönecker S, et al. Optical surface scanning for

patient positioning in radiation therapy: a prospective analysis of

1902 fractions. Technol Cancer Res Treat. 2018;7:1533033

818806002.

6. Besl PJ, McKay ND. Method for registration of 3‐D shapes. IEEE

Trans Pattern Anal Mach Intell. 1992;14:239–255.
7. Li H, Sumner RW, Pauly M. . Global correspondence optimization for

non‐rigid registration of depth scans. Comput Graph Forum.

2008;27:1421–1430.
8. Arumugam S, Jameson MG, Xing A, et al. An accuracy assessment of

different rigid body image registration methods and robotic couch

positional corrections using a novel phantom. Med Phys.

2013;40:31701.

9. Meyer J, Wilbert J, Baier K, et al. Positioning accuracy of cone‐
beam computed tomography in combination with a HexaPOD

robot treatment table. Int J Radiat Oncol Biol Phys. 2007;67:1220–
1228.

10. C‐RAD 2020. Catalyst HD | C‐RAD. https://c‐rad.se/catalyst‐hd/
.Accessed May 1, 2020.

KOJIMA ET AL. | 67

https://www.editage.jp/
https://www.editage.jp/
https://c-rad.se/catalyst-hd/


11. Wiencierz M, Kruppa K, Lüdemann L. Clinical Validation of two Sur-

face Imaging Systems for Patient Positioning in Percutaneous Radio-

therapy. arXiv preprint, arXiv:1602.03749v1 [physics.med‐ph], Feb

11, 2016.

12. Swinnen ACC, Öllers MC, Loon Ong C, Verhaegen F. The potential

of an optical surface tracking system in non‐coplanar single isocenter

treatments of multiple brain metastases. J Appl Clin Med Phys.

2020;21:63–72.
13. Cerviño LI, Pawlicki T, Lawson JD, Jiang SB. Frame‐less and mask‐

less cranial stereotactic radiosurgery: a feasibility study. Phys Med

Biol. 2010;55:1863–1873.

68 | KOJIMA ET AL.


